Arabidopsis AtPRMT10 is a plant-specific type I protein arginine methyltransferase that can asymmetrically dimethylate arginine 3 of histone H4 with auto-methylation activity. Mutations of AtPRMT10 derepress FLOWERING LOCUS C (FLC) expression resulting in a late-flowering phenotype. Here, to further investigate the biochemical characteristics of AtPRMT10, we analyzed a series of mutated forms of the AtPRMT10 protein. We demonstrate that the conserved "VLD" residues and "double-E loop" are essential for enzymatic activity of AtPRMT10. In addition, we show that Arg54 and Cys259 of AtPRMT10, two residues unreported in animals, are also important for its enzymatic activity. We find that Arg13 of AtPRMT10 is the auto-methylation site. However, substitution of Arg13 to Lys13 does not affect its enzymatic activity. In vivo complementation assays reveal that plants expressing AtPRMT10 with VLD-AAA, E143Q or E152Q mutations retain high levels of FLC expression and fail to rescue the late-flowering phenotype of atprmt10 plants. Taken together, we conclude that the methyltransferase activity of AtPRMT10 is essential for repressing FLC expression and promoting flowering in Arabidopsis.
INTRODUCTION
Protein arginine methyltransferases (PRMTs) modify target arginine residues in histones and other substrates to regulate multiple biological processes, including transcriptional regulation, RNA metabolism, protein localization, DNA repair, and signal transduction (Bedford and Clarke, 2009; Wolf, 2009; Ahmad and Cao, 2012) . PRMTs are classified into four types depending on their products (Bedford and Clarke, 2009) (Bedford and Clarke, 2009) .
PRMTs have the conserved I, post-I, II, and III motifs of the S-adenosyl-L-methionine (SAM)-dependent methyltransferases as well as the unique ''double-E'' and ''THW'' motifs of the PRMT subfamily (Schluckebire et al., 1995; Kwak et al., 2003; Cheng et al., 2005) . Changing "VLD", the first three highly conserved residues of motif I, to three alanines (AAA) abolishes the in vitro enzymatic activity of PRMT1 and coactivator-associated arginine methyltransferase 1 CARM1/ PRMT4 Wada et al., 2002) , and affects nucleocytoplasmic shuttling of PRMT1 variant 2 (PRMT1v2) in vivo (Herrmann and Fackelmayer, 2009 ). The ''double-E loop'' was named after the two invariant glutamates within the active site of PRMTs (Zhang et al., 2000; Zhang and Cheng, 2003) . Crystal structures of PRMTs indicate that the PRMT active site is encircled by the SAM-binding domain and the β barrel domain. The "double-E loop" forms a hairpin structure which is essential for active site formation (Zhang et al., 2000; Zhang and Cheng, 2003) . Site-specific mutation of either glutamate composing the "double-E loop" causes severe reduction or complete abolition of the methyltransferase activity of PRMT1 (Zhang and Cheng, 2003) .
PRMTs methylate a wide variety of histone and nonhistone substrates, and some PRMTs including PRMT1, CARM1/PRMT4, PRMT6 and PRMT8 also have auto-methylation activities (Frankel et al., 2002; Sayegh et al., 2007; Kuhn et al., 2009; Gui et al., 2011; Kuhn et al., 2011) . The automethylation sites of CARM1s in different species were mapped by mass spectrometry. Amino-acid substitutions in these auto-methylation sites seem to have no effect on CARM1 enzymatic activity (Kuhn et al., 2009 (Kuhn et al., , 2011 . Nevertheless, the loss of auto-methylation was reported to impair the role of CARM1 in transcriptional activation and alternative splicing, which indicates the importance of auto-methylation in PRMT's biological function (Kuhn et al., 2011) .
Nine members of the PRMT family have been identified in Arabidopsis thaliana, and are termed Arabidopsis thaliana protein arginine methyltransferases (AtPRMTs) Liu et al., 2010; Ahmad and Cao, 2012) . Among them, AtPRMT1a and AtPRMT1b are type I PRMTs, which can asymmetrically methylate histone H4 at Arg 3 (H4R3) and Arabidopsis thaliana fibrillarin 2 (AtFib2) Yan et al., 2007) . AtPRMT4a and AtPRMT4b are also type I PRMTs which can asymmetrically methylate histone H3 at Arg 17 (H3R17) (Niu et al., 2008) . AtPRMT5 is a type II PRMT which can symmetrically methylate histone H4R3 and non-histone proteins involved in RNA processing Wang et al., 2007; Schmitz et al., 2008; Deng et al., 2010; Hong et al., 2010; Sanchez et al., 2010; Zhang et al., 2011b) . AtPRMT10 is a plant-specific type I PRMT that asymmetrically di-methylates histone H4R3 and H2A in vitro . Although AtPRMT10 is of low phylogenetic similarity to other animal PRMTs, it retains all the conserved motifs of PRMTs. Crystal structure of AtPRMT10 indicates that AtPRMT10 adopts a unique conformation compared to other PRMTs with known structure (Cheng et al., 2011) .
Flowering as a result of switching from vegetative to reproductive phase is critical for sexual reproduction in higher plants. The crucial decision of when to flower is executed by a complicated network involving endogenous signals and multiple environmental stimuli such as day length, light quality, temperature and nutrition (Amasino, 2005; He, 2009; Ahmad et al., 2010) . In Arabidopsis, four classical pathways including photoperiod, gibberellin (GA) signaling, vernalization, and an autonomous pathway, have been identified to regulate flowering (Quesada et al., 2005) . Genes of the autonomous pathway promote the floral transition by inhibiting the expression of FLC, a major flowering repressor gene which encodes a MADS box transcription factor (Michaels and Amasino, 1999; Simpson, 2004) . The autonomous pathway mutants exhibit an FLC dependent late-flowering phenotype under both long-day and short-day conditions and respond normally to vernalization and gibberellin treatment (Simpson, 2004 (Lee et al., 1994; Macknight et al., 1997; Schomburg et al., 2001; He et al., 2003; Simpson et al., 2003; Ausin et al., 2004; Lim et al., 2004; Noh et al., 2004; Jiang et al., 2007) . Besides these classical members, several genes encoding protein arginine methyltransferases including AtPRMT4a, AtPRMT4b, AtPRMT5 and AtPRMT10, have also been shown to regulate flowering-time through the autonomous pathway (Niu et al., , 2008 Pei et al., 2007; Wang et al., 2007) . AtPRMT4a and AtPRMT4b redundantly promote flowering by repressing FLC expression (Niu et al., 2008) . AtPRMT5 deficiency causes splicing defects in a large number of genes involved in multiple biological processes, including several RNA processing factors that regulate flowering time. The late-flowering phenotype of atprmt5 mutants is an integrative effect of splicing defects of diverse genes in distinct cellular processes rather than an effect on a single target Wang et al., 2007; Schmitz et al., 2008; Deng et al., 2010; Hong et al., 2010; Sanchez et al., 2010) . Mutation of AtPRMT10 leads to increased FLC transcript levels and hence a late-flowering phenotype . This phenotype can be rescued by introducing a normal copy of AtPRMT10 .
In this work, we further characterized the biochemical properties of AtPRMT10 and its function in regulating flowering time. We found that the conserved "VLD" residues in motif I, the "double-E loop" and two previously unreported residues, Arg 54 (R54) and Cys 259 (C259) are all necessary for the enzymatic activity of AtPRMT10. In addition, AtPRMT10 can methylate itself at Arg 13 (R13). However, an Arg 13 to Lys 13 mutation (R13K) of AtPRMT10 does not affect its enzymatic activity. In vivo complementation assays indicated that the enzymatically functional variants of AtPRMT10 complemented the late-flowering phenotype of atprmt10-1, but the enzymatic activity null AtPRMT10 mutant proteins did not. Thus, our results indicate that protein arginine methyltransferase activity of AtPRMT10 is essential for its function in flowering time regulation.
RESULTS

Residues essential for AtPRMT10's enzymatic activity in vitro
Although AtPRMT10 is a plant-specific PRMT, it has all the © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 conserved motifs possessed by other PRMTs (Fig. 1A) . As the first tri-peptide of motif I, "VLD", is essential for the enzymatic activity of both PRMT1 (Wada et al., 2002) and CARM1 , we made AtPRMT10 mutations with the conserved "VLD" residues changed to "AAA" (VLD-AAA) (Fig. 1A) . Recombinant AtPRMT10 VLD-AAA protein tagged with both MBP (maltose-binding protein) and 10 × HIS (histidine) at the amino-terminus was used as enzyme to catalyze methylation of calf thymus histones in vitro. Clear autoradiography signal bands indicating methylation of histone H2A and histone H4 were observed in the lanes with un-mutated AtPRMT10. Also, the signals on substrates were enhanced with increased amount of AtPRMT10 (Fig. 1B) . For the lanes representing mutated AtPRMT10 VLD-AAA, no autoradiography signal was detected despite increased amounts of the mutated enzyme (Fig. 1B) . The MBP 10×HIS protein is used as the negative control here (Fig. 1B) . These methyltransferase activity assays showed that the "VLD-AAA" mutation disrupts the enzymatic activity of AtPRMT10, which reveals the indispensable role of these evolutionarily conserved "VLD" residues for the catalytic function of AtPRMT10.
We then looked into the "double E loop" within the active site (Weiss et al., 2000; Zhang et al., 2000; Zhang and Cheng, 2003) . The two glutamates of the "double-E loop", glutamate 143 (E143) and glutamate (E152) are conserved in AtPRMT10 (Fig. 1A) . We made single amino acid substitutions of each the glutamate (E) by glutamine (Q), to produce E143Q and E152Q versions of AtPRMT10. Methyltransferase activity assays showed that when either E143 or E152 of AtPRMT10 was changed to Q (E143Q or E152Q), the methylation signal could not be detected (Fig. 1C) . This result suggests the importance of these two glutamate residues in enzymatic activity of AtPRMT10.
In addition to those conserved residues situated within the canonical functional motifs of PRMTs, we discovered another novel cysteine residue that was also required for enzymatic activity of AtPRMT10. There are five cysteine residues in AtPRMT10. Among them, only cysteine 259 (C259) and cysteine 37 (C37) are conserved between AtPRMT10 and OsPRMT10 . We changed each of the two cysteines to serines (C259S or C37S) and found that the C37S did not affect the enzymatic activity of AtPRMT10, but the C259S mutation significantly reduced AtPRMT10 arginine methyltransferase activity compared to the wild-type and the C37S mutated forms of AtPRMT10 (Fig. 2) . Referring to the recently resolved AtPRMT10 crystal structure, C259 locates on the outer surface of the C-terminal β-barrel domain (Cheng et al., 2011) . The mechanism by which this C259 residue regulates the methyltransferase activity of AtPRMT10 will be further examined.
Auto-methylation of AtPRMT10 at Arg13
According to The Arabidopsis Information Resource 10 (TAIR10) database, AtPRMT10 has two different transcripts, At1G04870.1 and At1G04870.2. Through sequence alignment, we found that At1G04870.2 has a 10 nucleotide (nt) extension at the 5' end of the second exon, compared to At1G04870.1; this difference may be caused by alternative 3' end splicing in the first intron (Fig. 3A) . The At1G04870.1 transcript uses the ATG codon inside the second exon as its translational start codon and encodes a peptide of 280 amino acids, while the At1G04870.2 transcript starts translation from the first exon and produces a larger protein with 103 extra amino acids on its N-terminal end (Fig. 3A) . To test the enzymatic activities of these predicted proteins, we made constructs to express the proteins in bacteria. Since we could not distinguish the transcript of At1g04870.1 from At1g04870.2 by PCR in plant, we artificially amplified the coding sequence corresponding to the 280-amino acid protein from At1G04870.2 and named it AtPRMT10S. The larger protein translated from At1G04870.2 was named AtPRMT10 (Fig. 3A) .
In vitro methyltransferase activity assays showed that only Glutathione-S-Transferase (GST) tagged AtPRMT10 (GSTAtPRMT10), but not GST-AtPRMT10S, could methylate calf thymus histone H2A and H4, which implied that methyltransferase activity was absent in AtPRMT10S (Fig. 3B) . We previously observed that AtPRMT10 could also be auto-methylated in the absence of suitable substrates . When methyltransferase assays were performed with GST tagged AtPRMT10 and AtPRMT10S, we found a single autoradiography band corresponding to the position of AtPRMT10, indicating that the AtPRMT10S could not be methylated by AtPRMT10 (Fig. 3C) . GST protein only was used as the negative control. As the AtPRMT10S sequence is identical to the 104-383 amino acids of AtPRMT10, this observation suggests that the auto-methylation site might be within the first 103 amino acids in AtPRMT10.
To identify the auto-methylation site, we used site-directed mutagenesis to alter each of the AtPRMT10 arginine residues and then conducted methylation assays to determine whether the change affected auto-methylation. There are five arginine residues, R2, R13, R52, R54 and R94, in the first 103 amino acids of AtPRMT10 (Fig. 3A) . We made mutants by changing each of the five arginines to lysines (K). We found that AtPRMT10 R13K and AtPRMT10 R54K did not have automethylation activity (Fig. 3D) . However, methylation assays using calf thymus histones as substrates indicated that AtPRMT10 R13K was enzymatically normal, but AtPRMT10 R54K was enzymatically null (Fig. 3E ). In accordance with this result, the structure-based sequence alignment of AtPRMT10 with other PRMTs from animals and yeast reveals that the R54 residue is highly conserved and is involved in SAM binding by AtPRMT10 (Cheng et al., 2011) . In addition, when mass spectrometry (MS) was used to detect the modification status of GST-AtPRMT10 after auto-methylation reaction, only R13 was also identified as the methylation site (Fig. S1) . The above evidence demonstrated that R13 is the single auto-methylation site, and R54 is essential for AtPRMT10 enzymatic activity. It is worth noting that the R13K mutation did not affect AtPRMT10's ability to methylate histones, which suggests that auto-methylation may be unrelated to its histone methyltransferase activity in vitro (Fig. 3E) . 
AtPRMT10 enzymatic activity is essential for flowering time regulation
Recent findings demonstrated that some of the biological roles carried out by histone modifying enzymes are independent of their enzymatic activity. For example, LID2 promotes gene silencing in heterochromatin regions but promotes gene activation in euchromatin regions. The role of LID2 in euchromatin does not require its enzymatic activity, but it does require an intact JmjC domain (Li et al., 2008) . Taking advantage of these enzymatic normal or null mutations, we then sought to test if the arginine methyltransferase activity of AtPRMT10 is essential for its biological roles.
Our previous work demonstrated that AtPRMT10 belongs to the autonomous pathway, which regulates flowering time by negatively regulating FLC transcript levels. To test whether the AtPRMT10 mutants can function in regulation of flowering time, we first transformed the AtPRMT10 genomic fragment of wild type and the mutant form carrying the R13K mutation into the atprmt10-1 mutant (Fig. 4) . The flowering time of the transgenic lines under long day conditions was analyzed by counting the total number of rosette and cauline leaves when the plants bolted. The genomic fragment of wild-type AtPRMT10 complemented the late-flowering phenotype of atprmt10-1 as we showed previously . The AtPRMT10 R13K transgenic lines we analyzed showed similar AtPRMT10 protein levels as that in the wild-type plants (Fig. 4B) . The transgenic lines harboring AtPRMT10 R13K also showed no obvious defects and flowered at a similar time to the wild-type plants (Fig. 4C and 4D) . To further confirm the phenotypic observation at molecular level, we tested FLC expression levels in these transgenic lines by northern blot. We found that FLC expression levels in these transgenic lines were similar to the wild-type level, consistent with our phenotypic observation (Fig. 4E) . Thus, this data suggest that the methylation of R13 on AtPRMT10 is not required for repression of FLC and flowering time regulation. Given the fact that AtPRMT10 R13K retains methyltransferase activity, this result also suggests a possible connection between enzymatic activity and the flowering time regulation in AtPRMT10.
Similarly, we tested whether "VLD-AAA", E143Q and E152Q substitutions complemented the late-flowering phenotype of atprmt10-1 (Fig. 5) . For each transgene harboring mutant forms, five transgenic lines with AtPRMT10 protein levels similar to wild-type Col were used for further analysis (Fig. 5B) . We found that all the three types of transgenic plants displayed late-flowering phenotypes similar to that of atprmt10-1, as measured by total leaf number when the plants bolted (Fig. 5C) . At the molecular level, the FLC transcripts in these transgenic lines were also similar to that in atprmt10-1 (Fig. 5D ). Since the mutant proteins without enzymatic activity could not complement the late-flowering phenotype of atprmt10, therefore, we concluded that arginine methyltransferase activity of AtPRMT10 is essential for its role in repressing of FLC and promoting flowering time in Arabidopsis.
DISSCUSION
Our previous work showed that the Brassica oleracea Var. botrytis Linn arginine methyltransferase 10 (PHRMT10) likely exists as a dimer . As PHRMT10 is closely related to AtPRMT10, we analyzed the tag free AtPRMT10 on a Superdex 200 column and identified its dimer form (Fig.  S2A) . Interestingly, we found that the C259S mutation partially interfered with the dimerization of AtPRMT10 (Fig. S2B) . Conversely, the C37S mutation did not affect the dimerization (Fig. S2B) . Dimerization can occur through a disulfide bond between two cysteine residues. However, the crystal structure of AtPRMT10 showed that the C259 residue is positioned on the outer surface of the β-barrel domain, which is far from the contacting region of the dimer. This obvious steric barrier negates the possibility that C259 regulates dimerization through formation of a disulfide bond. In addition to forming disulfide bonds, cysteine residues are also subject to S-nitrosylation, a covalent attachment of a nitrogen monoxide group to the thiol side chain of cysteine (Hess et al., 2005) . The importance of S-nitrosylation has been widely demonstrated both in animal and in plants. For example, S-nitrosylation of NPR1 at cysteine-156 facilitates its oligomerization and mutation of Cys156 compromises NPR1-mediated disease resistance (Tada et al., 2008) . Considering the C259S mutation only partially destroyed AtPRMT10 dimer formation, we propose that mutation of C259 might affect the posttranslational modification or configuration of AtPRMT10 through some unknown mechanism.
So far, four mammalian PRMTs, PRMT1, CARM1/PRMT4, PRMT6 and PRMT8, were found to have auto-methylation activity, and the auto-methylated arginines were identified by mass spectrometry (Frankel et al., 2002; Sayegh et al., 2007; Kuhn et al., 2009 Kuhn et al., , 2011 Gui et al., 2011) . For functional dissection, CARM1 with a mutation in the auto-methylation site was found to have comparable enzymatic activity to the wild-type CARM1 (Kuhn et al., 2011) . Our results showed that AtPRMT10 could be auto-methylated at R13, and the mutant AtPRMT10 with a disrupted auto-methylation site also retained normal catalytic ability in vitro. Moreover, AtPRMT10 R13K could fully rescue the late-flowering defect of the atprmt10-1 mutant. Nevertheless, it is worth noting that the auto-methylation of mouse CARM1 has been shown to link transcription and pre-mRNA splicing (Kuhn et al., 2011) . The biological significance of AtPRMT10 auto-methylation remains to be investigated in Arabidopsis.
Through protein sequence alignment, we found that AtPRMT10 shared all the typical motifs found in other PRMTs. Consistent with the results in mammals Wada et al., 2002; Zhang and Cheng, 2003; Xu et al., 2004; Higashimoto et al., 2007) , the motif I and "double E" loop were indispensable for AtPRMT10 enzymatic activity in vitro. In addition, all enzymatic null AtPRMT10 proteins, including the VLD-AAA, E143Q and E152Q mutant versions, were unable to carry out the biological function of AtPRMT10 in promoting flowering. We also found that the AtPRMT10 C259S with the impaired enzymatic activity failed to fully rescue the late-flowering phenotype of the atprmt10 mutant (Fig. S3) . The close connection between AtPRMT10 methyltransferase activity and its role in flowering time control provides us a clue to further understand its molecular mechanisms in vivo by analyzing its substrates. Identification of its substrate involved in flowering time regulation will give us a better understanding of how protein arginine methylation is involved in repressing FLC expression and promoting flowering in Arabidopsis.
MATERIALS AND METHODS
Plasmid Construction
For the protein expression plasmids, the AtPRMT10S cDNA was amplified from AtPRMT10 in the expression vector XF272 (pGEX-4T-2-AtPRMT10) and cloned into the pGEX-4T-2 BamHI site. Full length AtPRMT10 cDNA was cloned into the vector XF245 (a modified MBP tag containing plasmid) to create an MBP and 10×HIS tagged AtPRMT10 protein with a TEV protease recognition site between the target protein and the MBP and 10×HIS tags. The series of amino acid substitutions were made by modification of these recombinant expression vectors. For the mutant variants of AtPRMT10 complementation constructs, the equivalent site-specific mutations were made on the backbone of the AtPRMT10 complementation vector XF378 (pCAMBIA1300-AtPRMT10) . Construction of the various amino acid substitution mutants was carried out by a site-directed mutagenesis method using the QuikChange ® Site-Directed Mutagenesis Kit (Stratagene) and the mutant plasmids were confirmed by sequencing. Primers used for constructions are described in table S1.
AtPRMT10 dimers assayed by Superdex200 column
The recombinant proteins were expressed in Escherichia coli strain BL21. The MBP and 10×HIS tags were removed by digestion with TEV protease followed by affinity resin and their removal was confirmed by SDS-PAGE. The tag-free proteins were analyzed on a Superde x 200 column (GE Healthcare). The column was run in 1 x PBS buffer with AKTA purifier system (GE Healthcare). A standard sample of known molecular weight was used to calibrate the Superde x 200 column.
Plant materials, growth conditions and flowering time assessment
Experiments were performed using Arabidopsis (Arabidopsis thaliana) accession Col-0. The mutant line, atprmt10-1 (SALK_047046) , from the SALK collection was supplied by the Arabidopsis Biological Resource Center (Ohio State University). Plant growth, flowering time analysis, and plant transformation were performed as reported previously Pei et al., 2007) . To quantify flowering time, the total number of rosette and cauline leaves were counted when the plants bolted. At least 15 plants were analyzed for each measurement.
Complementation assay
The AtPRMT10 complementation construct and its mutant variants were transformed into Agrobacterium strain GV3101 and further transformed into atprmt10-1 through floral dipping (Bechtold and Pelletier, 1998) . T1 generation seeds were selected on MS plates (Zhang et al., 2011a) containing 25 μg/mL hygromycin. The F2 progenies selected by hygromycin were used for RNA gel blot analysis to detect FLC expression levels. AtPRMT10 protein levels were analyzed by standard immunoblot with total proteins from 12-day-old seedlings.
Protein arginine methyltransferase assay
Recombinant proteins were expressed in Escherichia coli strain BL21, and methyltransferase activity assays were performed as described Pei et al., 2007) . Calf thymus histones were purchased from Roche.
Western blot assay
Total proteins were extracted from 12-day-old wild-type Col, atprmt10-1 and transgenic plants using buffer A (50 mmol/L Tris-HCl (pH 7.4), 0.5 mmol/L EDTA, 20 mmol/L (NH4)2SO4, 25% [v/v] glycerol, 1 mmol/L PMSF, 0.5 mmol/L DTT). The extracts were separated by 10% SDS-PAGE and transferred to Hybond ECL membrane (GE Healthcare). A mouse polyclonal antibody specific to AtPRMT10 was used for immunoblotting . Supersignal West Dura substrate (Hwang et al., 2008) was used to detect the HRP-conjugated secondary antibodies. The membranes stained with Ponceau S were used as loading controls.
Northern blot assays
Total RNAs were extracted from 12-day-old wild-type Col, atprmt10-1 and transgenic plants using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. The concentration of each sample was measured by NanoDrop ND-1000 (Thermo Scientific). About 15 µg total RNA from each sample was separated on 1.2% agarose-formaldehyde gel, and then transferred onto Hybond-XL nylon membrane (GE Healthcare). 32 P-labeled single strand DNA complementary to FLC mRNA was used as probe. Primers used for FLC full length cDNA probe template amplification were cx461 (5'-CGCGGATCCATGGGAAGAAAAAAACTAGA-3') and cx462 (5'-CCGGAATTCCTAATTAAGTAGTGGGAGAGT-3'). The Actin gene was used as a loading control.
